The overall objective of the BATMAV project is the development of a biologically inspired bat-like Micro-Aerial Vehicle (MAV) with flexible and foldable wings, capable of flapping flight. This first phase of the project focuses particularly on the kinematical analysis of the wing motion in order to build an artificial-muscle-driven actuation system in the future. While flapping flight in MAV has been previously studied and a number of models were realized using light-weight nature-inspired rigid wings, this paper presents a first model for a platform that features bat-inspired wings with a number of flexible joints which allows mimicking the kinematics of the real flyer. The bat was chosen after an extensive analysis of the flight physics of small birds, bats and large insects characterized by superior gust rejection and obstacle avoidance. Typical engineering parameters such as wing loading, wing beat frequency etc. were studied and it was concluded that bats are a suitable platform that can be actuated efficiently using artificial muscles. Also, due to their wing camber variation, they can operate effectively at a large range of speeds and allow remarkably maneuverable flight. In order to understand how to implement the artificial muscles on a bat-like platform, the analysis was followed by a study of bat flight kinematics. Due to their obvious complexity, only a limited number of degrees of freedom (DOF) were selected to characterize the flexible wing's stroke pattern. An extended analysis of flight styles in bats based on the data collected by Norberg [1] and the engineering theory of robotic manipulators resulted in a 2 and 4-DOF models which managed to mimic the wingbeat cycle of the natural flyer. The results of the kinematical model can be used to optimize the lengths and the attachment locations of the wires such that enough lift, thrust and wing stroke are obtained.
INTRODUCTION
In the past decade Micro-Aerial Vehicles (MAV's) have drawn a great interest especially for applications where maneuverability in confined spaces is necessary, as in internal inspection of pipes, exploration around rubble in collapsed buildings and surveillance of indoor environments. Due to the availability of very small sensors, MAVs can be used for, e.g., detection missions of biological, chemical and nuclear agents. Traditionally these devices used fixed or rotary wings, propeller-driven with electric DC motor-transmission. They could carry a battery, cameras, R/C transmitters and micro servos for flight control, and could fly for about 20 minutes. They typically weighed around 50g, extended less than 6 inch in all dimensions and were almost exclusively characterized by a rigid wing design with discrete rudders and flaps actuated by micro servos via a rod or wire system. With a wingspan of about 15 cm and a flight speed of a few meters per second, the MAVs experience the same low Reynolds number of 10 4 -10 5 of flight conditions as the small natural flyers. The problem is that in this flow regime, MAVs down-scaled from typical civil and military aircraft experience a dramatic drop in aerodynamic performance. Flexible wings for flapping flight actuated by artificial muscles are well suited for a MAV due to improved density energy, less weight, increased maneuverability in obstacle avoidance, easier navigation in small spaces and better wind gust stability.
METHODOLOGY
In order to choose an optimal type of natural flier wing as a model for the MAV design, a number of small natural fliers were thoroughly analyzed and the morphological and flight parameters are compared particularly wingbeat frequency, wingbeat stroke and body mass, wing loading and wingspan. The expected missions for BATMAV focus the analysis of natural flyers to the range of small birds, like hummingbird, small bats and large insects.
Flight analysis for small natural fliers
Mechanical calculations depend on measuring the physical parameters of a flyer, and on their combination. Relevant aspects of morphological data and flight measurements were collected from existing literature [2] , [3] , [4] , [5] , [6] , [7] , [8] , and [9] . The wingbeat frequency, f is one of the most important parameter for flapping flight. The main morphological parameters that affect the wingbeat frequency are body mass, wing span, wing area and the moment of inertia of the wing. Using a combination of multiple regressions and a dimensional analysis, Pennycuick, [10] estimates the wingbeat frequency for birds with
where m is the body mass, g the acceleration due to gravity, b the wing span, S the wing area, and ρ the air density. This estimate shows that the larger the wingspan the smaller is the wingbeat frequency to keep aloft the flyer, and that the body mass should be balanced by an increase in wingspan and in wing area in order to reduce the wing frequency. Therefore, adopting a wing type of an insect in order to use for a MAV of 10g of body mass should be followed by a correspondent increase of wingspan and wing area. Figure 1 shows that butterflies and bats have the lowest wingbeat frequency, the latest having an upper limit for frequency of 13Hz [1] . Yet adopting the butterfly wing for a 10g MAV the wingbeat frequency or the wingspan should be increased approximately up to four times and adding a considerable inertia to the very thin butterfly airfoil. Hummingbirds have a higher absolute value of wing loading and so they are coming after butterflies and bats with respect to maneuverability. This analysis showed that the bat wing is unique among flyers limbs in anatomical design and mechanical function, enabling these fliers to perform easily complex maneuvers making them suitable to use in a flight platform for MAVs. Since they are thin airfoils of high camber, they are very effective in producing high lift at low speeds.
Kinematic model of flapping flight
A primary obstacle in understanding the kinematics of bat flight is the absence of detailed kinematic information at high temporal resolution for the real flyer. Few articles [3] , [11] were published with respect to the kinematics of bat flight. The most explicit article with kinematic information, Norberg, [1] studied the kinematics of horizontal flight of Plecotus auritus in slow speed and so it is used as a starting point for the kinematical analysis. During the stroke cycle, the angle of attack of the wing is varied to generate thrust or lift. In the first half of the downstroke the trailing edge is approx. 15˚ above the leading edge giving a negative angle of attack to the wing fact that leads to thrust generation on this first phase of the wingstroke, Figure 2 The variation of the angle of attack during the wingstroke, pictures from Altenbach [3] . When the wing reaches body level during downstroke, the trailing edge is brought below the leading edge and the legs are lowered resulting in a positive angle of attack, and now the wing has an increased camber providing lift. In the first part of the upstroke, the leading edge is above the trailing edge continuing to provide lift and when the wing reaches the level of the upper body a flick phase is initiated such that the wing is pushing the air with the upper side of the membrane. In this way the body receives another forward push -additional thrust. Similar to the human hand, the bat wing is a complex structure having multiple DOF for shoulder and wrist, each of them with 3-DOF. The whole kinematic chain has six joints from shoulder up to the tip of each digit with a total of 11-DOF, Figure 3 . From an engineering point of view a simplification of the kinematic chain for each digit is clearly needed. The shoulder joint of the natural bat is a complex joint formed by three bones: scapula, clavicle and humerus bone, with 3-DOF. Two of these DOF are contributing more to the trajectories of the wing during the wing stroke. The swivel arm is the DOF that is generating the flapping motion when the wing is moving from the upper position towards the lower point of its trajectory, Figure 4 .
The arm flexion is the second DOF of the shoulder and flexing and extending the humerus bone relative to the body such that the extended wing has a maximum area during the downstroke and the flexed configuration of the wing has a minimum area during the upstroke. In this project, as a first iteration of the wing kinematic, the swivel DOF is used and the contribution of the arm flexion DOF on the wing kinematic will be analyzed in a future part of this project. This choice of a 1-DOF shoulder joint is based on the observation that during the entire stroke, Plecotus auritus has an almost in-plane motion with an inclination to horizontal plane that depends on the flight velocity [1] . For example, in a slow horizontal flight with 2.35 m/s, the inclination of the stroke path relative to the horizontal plane varied between 50˚ and 64˚ with an average of 57.8˚. Montage showing the configuration of the shoulder DOFs: A -profile view; B -bottom view, pictures after Aldridge [11] .
In order to analyze the horizontal flight kinematics from an engineering point of view two coordinate frames are attached to the bat body, one for each shoulder joint, ( Figure 5A ). Since more data was provided for the left wing of Plecotus auritus flight the kinematical analysis is focused on this wing and the conclusions are symmetrically applied to the right wing also. This assumption is valid only for straight forward flight not for a turning maneuver. The degree of freedom of the shoulder joint is the shoulder swivel θ 1 . The fixed coordinate frame x 0 y 0 z 0 , called the base frame, is attached to the bat body and is introduced to show the inclination of the stroke plane with respect to the body frame x b y b z b . Using the Denavit-Hartenberg notation [12] , the frame x 1 y 1 z 1 is introduced in the shoulder joint and it is attached to the humerus (or the upper arm of the wing) rotating about z 1 with the swivel angle θ 1 which is the angle between the x 0 axis and the x 1 axis in the right-hand sense, Figure 5B . The shoulder joint has a radius joint r 0 , and the whole wing has a length a 1 from shoulder to the wing tip.
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Kinematics of 2-DOF model
Using 1-DOF in the shoulder joint and the inclination of the plane of stroke as 58˚, a second joint, the elbow that produces the forearm flexion is introduced as the second DOF for the 2-DOF model. Flexing the forearm is used in order to vary the aria of the wing to produce lift during the downstroke and to reduce drag during the upstroke. Figure 5 shows the kinematic structure for the flexible wing with two joints where the forearm, the hand and the digits together are forming one rigid body with the length a 2 from elbow to the wing tip. A is used as follows 
where ( )
is the position vector of the wrist with respect to the local elbow frame x 2 y 2 z 2 , Figure 6B , and L r is the length of the forearm.
A B Figure 6 : The assignment of the coordinate frames for the 2-DOF wing: A -drawn in a coincident position, θ 1 = θ 2 = 0 and B -the position vectors of the wrist and wingtip with respect to the second frame, (bat picture from Norberg [13] ).
In order to find the joint angles that approximate the trajectory measured by Norberg, [1] an optimization of the joint angles θ 1 and θ 2 is made using forward or direct kinematics. Assuming that the wing flapping is harmonic, [1] as the image processing suggests, we write the joint angles as ( ) ( ) 
where the period of the wingbeat is T = 0.084 s.
Then, the offset θ 10 and the amplitude A 1 of angle are gradually increased, while the joint angle θ 2 remains unchanged. The simulations made with MATLAB indicate the trend of wrist trajectory given by the variation of the offset and amplitude. The increase of the offset θ 10 for the first angle is raising the wrist trajectory along the z b axis. The increase of the amplitude A 1 is increasing the major axis of the elliptic shape and is tilting it toward the tail of the bat. Table 2 analyzes the influence of the offset θ 20 and amplitude, A 2 of the second angle θ 2 on the wrist trajectory while the shoulder joint angle θ 1 remains the same as it was chosen. The increase of the offset θ 20 is decreasing the length of the major axis of the elliptic-like shape for the wrist trajectory. The increase of the amplitude A 2 has a widening effect on the elliptic shape rounding it. Combining the conclusions learned from the analysis of both tables, an optimization is made and the following angles are proposed to be used further ( ) Figure 7 shows a comparison between the wrist trajectory for the natural flyer, Plecotus auritus and the one for the optimal joint angle combination that approximate it. In comparison with the trajectory for the natural flyer the approximated trajectory is farther from the origin of the body attached frame which has its origin in the shoulder. This shift is due to the fact that the arm flexion DOF from the shoulder joint is neglected on this first iteration of the wing kinematic. Introducing this DOF in the next iterations of the future work on wing kinematic would give a better approximation. 
Kinematics of the 4-DOF model
Using the same DOF as in the previous case of 2-DOF model, other 2-DOFs are introduced in the wrist joint. Similar to the human wrist, the bat wrist is a very complex joint having 3-DOF: roll, pitch and yaw ( Figure 8B ). Roll is the rotation along the longitudinal axis of the forearm turning the palm to face upward or downward and it helps in generating more thrust. Pitch is the rotation of the hand which helps in flexing the palm to approach the forearm in a downward or upward direction. The wrist pitch helps in folding the wing during upstroke in order to decrease the drag. Yaw is the rotation of the hand which helps in flexing the palm to approach the forearm especially in a backward direction. The wrist yaw helps in folding the wing during roosting time. In order to increase the wing efficiency and to improve the thrust of the model, the wrist roll and pitch are introduced for the 4-DOF model. The DOFs assigned to the 4-DOF model: A -for the whole wing, (bat picture from Norberg [13] ); B -the DOFs of the natural wrist, (bat wrist picture from Altenbach [3] ).
The coordinate frames defining the motion in the shoulder and elbow joints are identical with the 2-DOF case and in the wrist two additional frames are introduced: the coordinate frame 
In order to find the wingtip coordinates with respect to the body frame, the wingtip coordinates relative to the local wrist 
Therefore, the wingtip position vector with respect to the body frame is 
4DOF model, O° = -40°1 Using the same formulation for the shoulder joint angle θ 1 and the elbow joint angle θ 2 that was derived as a calibration on the wrist trajectory, the wingtip coordinates could be computed as a function of these angles and of the wrist angle θ 3 . Using the equations (7) to find the wingtip coordinates with respect to the body frame the optimization of the joint angles is made using MATLAB in a similar way as for optimization for the 2-DOF model. Since the angles θ 1 and θ 2 were calibrated using the wrist trajectory for the 2-DOF case and since the wrist DOFs do not affect the position and orientation of the wrist, their formulation will be the same. Table 3 shows the influence of the offset θ 30 and the amplitude A 3 of the roll angle θ 3 on the wingtip trajectory and on the angle of attack. While the offset is increased from θ 30 = -40˚ to 20˚, cells (A) and (B), the camber of the wing is decreasing drastically and the angle of attack on the half part of the downstroke is becoming negative leading to a decrease in lift generation and an increase in thrust generation. The amplitude has a similar effect when it is increased from A 3 = 5˚ to 35˚, cells (C) and (D), having a slightly reduced variation on the decrease of the camber and on the increase of the angle of attack. from A 3 = 5˚ to 35˚, cells (C) and (D), having a slightly reduced variation on the decrease of the camber and on the increase of the angle of attack. (A) (B)
The kinematics of a simplified bat wing model was analyzed starting with a simple model of 2-DOF and increasing the flexibility of the wing to a 4-DOF model in order to find a suitable combination that will approximate the bat flight. The 2DOF model provided a combination of joint angles, relations (4) that approximate the wrist trajectory of the wing, (Figure 7 ). Although this joint angles provide a suitable approximation for the wrist trajectory, the wingtip trajectory need to be improved and the angle of attack is relatively high due to a high camber of the digit part of the wing, ( Figure  9A ). A flight platform using the 2-DOF model will produce more lift and insignificant amount of thrust. Since it has a roll motion in the wrist, the 4-DOF model is capable of producing a negative angle of attack in the first half of the downstroke in order to generate thrust by pushing the air backwards especially with the hand part of the wing, ( Figure  9B ). Also, the pitch motion of the wrist allows a larger variation of the wing area during the wingstroke increasing the efficiency by reducing drag on the recovery stroke.
An optimal solution for the roll and pitch combination should approximate the digit trajectories and generate thrust and lift. Using the conclusions derived from the above analysis, Table 3 
As it can be seen in the Figure 9B , this combination gives a better approximation to the wingtip trajectory then the 2DOF model and it synchronizes the motion of the model with that one of the natural flyer Plecotus auritus.
CONCLUDING REMARKS
This paper presents two kinematical models for a bio-inspired MAV with flapping flight capability that is intended to be actuated with artificial muscles. The bat was chosen as a role model due to its flight parameters that demonstrate superior performance. Robotic manipulator theory was used to model the kinematics of bat flight, especially the DenavitHartenberg formalism to ease the coordinate transformation from local frames to body attached frame. In this way a combination of 4-DOF is obtained for the kinematical model that approximates the complexity of the original 11-DOF bat wing. A computer analysis was conducted using MATLAB in order to find an optimal solution that will be a suitable guess for a further optimization of the joint angles using the least square method. Future work will concentrate on muscle actuator placement and control to be implemented in a first prototype bat skeleton replica recently fabricated [14] .
